Abstract: The T and W1 loci determine color and anthocyanin content in soybean hypocotyls. In purple hypocotyls, the anthocyanins were: A1, a delphinidin-type anthocyanin; A2 made of two unresolved peaks: peonidin 3,5-di-O-glucoside and a delphinidin-type anthocyanin; and A3, accounting for >90% of the total, was malvidin 3,5-di-O-glucoside. A single peak, peonidin 3,5-di-O-glucoside, was observed in the bronze hypocotyls.
Introduction
Cultivars of soybean (Glycine max (L.) Merr.) generally have purple or white flowers. Purple/white flower color is conditioned by a dominant/recessive allele of the W1 locus (Palmer et al. 2004 ). The W1 gene encodes a flavonoid 3′5′-hydroxylase (F3′5′H) and is responsible for the formation of flavonoids with the 3′,4′,5′ B-ring hydroxylation pattern (Buzzell et al. 1987; Zabala and Vodkin 2007) . The W1 locus pleiotropically conditions hypocotyl color; cultivars with purple flowers have purple hypocotyl, whereas those with white flowers have green hypocotyl (Palmer et al. 2004) . Payne and Sundermeyer (1977) reported that if seedlings are grown under continuous light in a growth chamber, those with green hypocotyl color can be divided into two groups based on the absence or presence of a bronze band in the hypocotyl. Genetic analysis suggested that presence of the bronze band is controlled by the T locus; tawny (T Td) and light tawny pubescence plants (T td) have bronze pigmentation on the hypocotyl, whereas gray pubescence plants (t Td or t td) do not (Palmer and Payne 1979) . The T gene encodes a flavonoid 3′-hydroxylase (F3′H) and is responsible for the formation of flavonoids with a 3′,4′ B-ring hydroxylation pattern (Buttery and Buzzell 1973; Toda et al. 2002) .
The primary component of soybean hypocotyl was malvidin glucoside (Nozzolillo 1973) . Peters et al. (1984) carried out high performance liquid chromatography (HPLC) analysis of hypocotyl pigments using seedlings grown in a growth chamber set at 25°C and a light intensity of 275 W m −2 by a combination of fluorescent and incandescent bulbs on a 12 h photoperiod. They identified three peaks (I, II, and III) corresponding to delphinidin, petunidin, and malvidin from both purple and bronze hypocotyl extracts. Malvidin was predominant in purple and bronze hypocotyls but purple hypocotyls contained five-fold more malvidin than bronze ones, suggesting that bronze color may be a diluted type.
However, the precise structures of these anthocyanins have not been determined. This study was conducted to determine the structure of anthocyanins in soybean hypocotyl.
Materials and Methods

Plant materials
Eight genotypes having various combinations of alleles at the W1 and T loci were used. US cultivar Clark has a purple flower, purple hypocotyl, and tawny pubescence (genotype: W1 T). Canadian cultivar Harosoy has a purple flower, purple hypocotyl, and gray pubescence (W1 t). US cultivar Williams 82 has a white flower, bronze hypocotyl, and tawny pubescence (w1 T). In addition, a Clark near-isogenic line (NIL) for the W1 locus (L63-2373; Clark-w1) with bronze hypocotyl, a Clark NIL for the T locus (L67-483; Clark-t) with purple hypocotyl, a Clark NIL for the W1, T, and I loci (L70-4479, Clark-w1 t i) with green hypocotyl, a Harosoy NIL for the W1 locus (L64-2139; Harosoy-w1) with green hypocotyl, and a Harosoy NIL for the T locus (L66-707; Harosoy-T) with purple hypocotyl were used (Bernard et al. 1991) . Seeds of the NILs were obtained from the USDA Soybean Germplasm Collection.
Sample preparation
Seeds were planted in plastic cell trays filled with vermiculite and kept in a growth chamber set at 28.0°C ± 0.5°C (day and night). Light was supplied at a photosynthetic photon flux density (400-700 nm) of 800 μmol m −2 s −1 using metal halide lamps (MLBOC400CU, MITSUBISHI/OSRAM, Yokohama, Japan) at a 14 h light per 10 h dark regime. After 5 d, hypocotyls of about 5 cm long were sliced into small pieces with razor blades. For quantitative analysis, anthocyanins were extracted by soaking 500 mg samples in 5 mL MeOH containing 0.1% HCl (v/v) for 48 h in three replications. Extracts were filtered with disposable filtration units (PRETREATMENT DISK H-13-5, Tosoh, Japan) and kept at −20°C. For qualitative analysis, hypocotyl samples from Clark (22.1 g), Clark-t (13.3 g), and Clark-w1 (11.0 g) were collected and each sample was extracted in 50 mL of MeOH containing 0.1% HCl.
HPLC analysis
Quantitative HPLC separation of the extracts was performed with an Agilent 1100 HPLC System using Inertsil ODS-4 column [5 μm, I.D. 6.0 mm × 150 mm (GL Sciences Inc., Japan)] at a flow rate of 1.0 mL min 
Results and Discussion
Clark, Clark-t, Harosoy, and Harosoy-T have purple flowers and purple pigmentation in their hypocotyls. Clark-w1 t i and Harosoy-w1 with white flower and gray pubescence had green hypocotyls. Clark-w1 and Williams 82 with white flower and tawny pubescence had green hypocotyls with a tinge of a bronze band.
In the HPLC chromatogram of purple-hypocotyl extracts from Clark, Clark-t, Harosoy, and Harosoy-T, three peaks corresponding to anthocyanins were found at retention times 11 (A1), 16 (A2), and 20 min (A3), whereas no peak was observed in green-hypocotyl extracts from Clark-w1 t i and Harosoy-w1 (Fig. 1) . Based on absorption spectra, peak A1 corresponded to a delphinidin-type anthocyanin (delphinidin, petunidin or malvidin). Absorption spectra suggested that the broad peak A2 may be composed of two peaks with similar retention times. The earlier peak may correspond to a delphinidin-type anthocyanin, whereas the latter peak may correspond to a cyanidin-type anthocyanin (cyanidin or peonidin). Comparison of retention times with authentic samples suggested that the latter component might be a peonidin 3,5-di-O-glucoside. Based on HPLC comparison with the authentic sample and LC-MS measurement, peak A3 was identified as malvidin 3,5-di-O-glucoside. The peak was predominant and accounted for 93.0-96.9% of the total anthocyanin content (Table 1) . The above results are generally consistent with previous studies (Nozzolillo 1973; Peters et al. 1984) . In this work, the structure of the other anthocyanin components comprising peaks A1 and A2 could not be determined because of the small quantity.
In the HPLC chromatogram of bronze hypocotyl extracts from Clark-w1 and Williams 82, a single peak was observed at a retention time of 16 min (A4) at a similar time with A2 (Fig. 1) . This result contradicts a previous publication (Peters et al. 1984 ) that reported three HPLC peaks similar to those from purple hypocotyls were observed in the extract of bronze hypocotyls in reduced amounts. Based on HPLC comparison and LC-MS measurement, peak A4 was identified as a peonidin 3,5-di-O-glucoside. In addition to peak A4, Clark-w1 and Williams 82 contained a trace amount of cyanidin-type anthocyanin(s).
In summary, hypocotyl of soybean plants with the dominant W1 allele have purple color and contained trihydroxylated anthocyanins irrespective of alleles at the T locus. The primary component was malvidin 3,5-di-Oglucoside. Hypocotyls of plants with the recessive w1 and the recessive t alleles have a green color and contained no anthocyanins. Hypocotyls of plants with the recessive w1 and the dominant T alleles have bronze pigmentation on green hypocotyl and contained only dihydroxylated anthocyanins. Peonidin 3,5-di-Oglucoside was predominant and it may be responsible for bronze pigmentation. Thus, the allelic relationships in the T and W1 genes are generally correlated with the hydroxylation patterns of the B-ring of anthocyanins in soybean hypocotyl.
The present results for bronze hypocotyl extracts were different from a previous study (Peters et al. 1984) . This is possibly due to different environmental conditions for 
